The asymptotic structure of laminar, moderately rich, premixed methane flames is analyzed using a reduced chemical-kinetic mechanism comprising four global reactions. This reduced mechanism is different from those employed in previous asymptotic analyses of stoichiometric and lean flames, because a steady-state approximation is not introduced for CH 3 . The aim of the present analysis is to develop an asymptotic model for rich flames, which can predict the rapid decrease of the burning velocity with increasing equivalence ratio . In the analysis, the flame structure is presumed to consist of three zones: a preheat zone with a normalized thickness of the order of unity, a thin reaction zone, and a postflame zone. The preheat zone is presumed to be chemically inert, and in the postflame zone the products are in chemical equilibrium and the temperature is equal to the adiabatic flame temperature T b . In the reaction zone the chemical reactions are presumed to take place in two layers: the inner layer and the oxidation layer. The rate constants of these reactions are evaluated at T 0 , which is the characteristic temperature at the inner layer. In the inner layer the dominant reactions taking place are those between the fuel and radicals, and between CH 3 and the radicals. An important difference between the structure of the inner layer of rich flames and that of lean flames analyzed previously is the enhanced influence of the chain-breaking reaction CH 3 ϩ H ϩ (M) 3 CH 4 ϩ (M) in rich flames. Here M represents any third body. This reaction decreases the concentration of H radicals, which in turn decreases the values of the burning velocity. In the oxidation layer of rich flames, the reactive-diffusive balance of O 2 is considered. This differs from the structure of the oxidation layer of lean flames where the reactive-diffusive balance of H 2 and CO was of primary interest. The burning velocities calculated using the results of the asymptotic analysis agree reasonably well with the burning velocities calculated numerically using chemical-kinetic mechanisms made up of elementary reactions. The values of the characteristic temperature at the inner layer T 0 are found to increase with increasing values of the equivalence ratio and to approach T b at ϭ 1.36. When T 0 is very close to T b , the asymptotic analysis developed here is no longer valid and an alternative asymptotic analysis must be developed for even larger equivalence ratios.
INTRODUCTION
Reduced chemical-kinetic mechanisms have been employed successfully previously to analyze the asymptotic structure of laminar, stoichiometric, and lean methane flames [1] [2] [3] [4] [5] [6] . For rich flames, these analyses did not predict the observed rapid decrease of the burning velocities with increasing equivalence ratio [1] [2] [3] [4] [5] [6] .
Here, an asymptotic analysis, which applies to rich, laminar methane flames, is developed.
Detailed and reduced chemical-kinetic mechanisms have been employed in previous numerical computations of the structure and burning velocities of stoichiometric, lean, and rich methane flames [7] [8] [9] [10] . The reduced four-step mechanisms used in these analyses were deduced from detailed mechanisms after introducing steady-state approximations for a number of intermediate species, including CH 3 , and radicals including OH and O but not H. The reaction rates of the global reactions in the reduced mechanisms were expressed in terms of the reaction rates of elementary steps. The main contributors to these global rates are called the principal reactions and the others, additional reactions. Among the additional reactions, the chain-breaking step CH 3 ϩ H ϩ (M) 3 CH 4 ϩ (M) was found to have a significant influence on the burning velocities [8, 9] . Here M represents any third body. This reaction was found to decrease the burning velocities [8] . For stoichiometric, lean, and rich flames, a set of approximations have been described [9, 10] , for which the numerically calculated values of the burning velocities obtained using the reduced mechanism agree well with those obtained using the detailed mechanisms and measurements. For stoichiometric and lean flames the burning velocities were found to increase with increasing values of the equivalence ratio . For moderately rich flames, with values of between 1.0 and 1.4, the burning velocities were found to decrease rapidly with increasing values of the equivalence ratio [9, 10] . For very rich flames, with values of greater than 1.4, the burning velocities were found to decrease slowly with increasing values of the equivalence ratio [10] . The profiles of temperature and of concentrations of reactants (CH 4 and O 2 ), products (H 2 O and CO 2 ), intermediate species (H 2 and CO), and radicals (H, OH, and O) calculated using the reduced mechanisms were found to agree well with those obtained using the detailed mechanisms [9, 10] . The concentration profiles of CH 3 calculated using the reduced mechanisms were found to be significantly higher than those calculated using the detailed mechanisms [9, 10] . This indicates that the steady-state approximation for CH 3 is not accurate [10] .
The asymptotic analysis of Peters and Williams [1] was performed with a reduced threestep mechanism deduced from a four-step mechanism after introducing a steady-state approximation for the H radical. Only the contributions of the principal elementary reactions to the rates of the global steps were considered in the analysis [1] . The asymptotic analyses of Seshadri and Peters [2] , Seshadri and Göttgens [3] , and Bui-Pham et al. [4] employed a fourstep mechanism. These analyses treated the contribution of additional reactions, including the chain-breaking step CH 3 ϩ H ϩ (M) 3 CH 4 ϩ (M), to the rates of the global steps as a perturbation and included only the leading order terms [2] [3] [4] . For greater than unity all asymptotic analyses failed to predict the observed rapid decrease of the burning velocities with increasing equivalence ratio. The analysis of Bui-Pham et al. [4] predicted only a weak decrease of the burning velocities with increasing equivalence ratio.
The aim of the present analysis is to develop an asymptotic model that can predict the rapid decrease of the burning velocities with increasing equivalence ratio. The analysis employs a reduced mechanism in which the intermediate species CH 3 is not presumed to maintain steady state. The contribution of the chain-breaking reaction CH 3 ϩ H ϩ (M) 3 CH 4 ϩ (M) to the rates of the global reactions of the reduced mechanism is included in the analysis. The analysis developed here is valid for moderately rich flames. The results are not accurate for stoichiometric and lean flames and do not apply for very rich flames.
REDUCED CHEMICAL-KINETIC MECHANISM
Two sets of elementary chemical-kinetic mechanisms are assembled from Table 1 .1 of Ref. 11, for describing the oxidation of methane. These mechanisms are called the C 3 -mechanism and the C 1 -mechanism. In the C 3 -mechanism, reactions in which compounds made up of four or more carbon atoms participate, are not included. The C 3 -mechanism also excludes reactions in which the species C 3 H 7 and C 3 H 8 appear and comprises steps 1-72 shown in Table 1 .1 of Ref. 11. In the C 1 -mechanism, reactions in which compounds made up of two or more carbon atoms participate are not included. The C 1 -mechanism comprises reactions 1-35 and 37-40 shown in Table 1 .1 of Ref. 11 . The elementary step 36 is the reaction CH 3 ϩ CH 3 ϩ (M) 3 C 2 H 6 ϩ (M), which is neglected in the C 1 -mechanism because it leads to the C 2 -chain. The inclusion of this reaction, in general, decreases the overall chain-breaking effects of the C 1 -mechanism in comparison with those in the C 3 -mechanism and the C 2 -mechanism [10] and therefore leads to slightly larger burning velocities. Around ϭ 1.2, the burning velocity calculated using the C 3 -mechanism is approximately 12% larger than that calculated using the C 1 -mechanism. The C 1 -mechanism has been employed in previous numerical [7] [8] [9] [10] and asymptotic studies [1] [2] [3] [4] of premixed methane flames and provides sufficiently accurate values of the burning velocity even for moderately rich flames. The species CH 4 , O 2 , H 2 O,  CO 2 , CH 3 , CH 2 , CH, CH 2 O, CHO, CO, H 2 ,  HO 2 , O, OH, and H appear in this C 1 -mechanism. In the C 3 -mechanism, the species C 2 H, C 2 H 2 , C 2 H 3 , C 2 H 4 , C 2 H 5 , C 2 H 6 , CHCO, C 3 H 3 , C 3 H 4 , C 3 H 5 , and C 3 H 6 appear, in addition to those in the C 1 -mechanism. The burning veloc-
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ities calculated using the C 1 -mechanism will be compared with those calculated using the C 3 -mechanism.
A reduced five-step chemical-kinetic mechanism is deduced from the C 1 -mechanism after introducing steady-state approximations for CH 2 , CH, CH 2 O, CHO, HO 2 , O, and OH. This reduced five-step mechanism can be written as
The global reactions IaЈ and IbЈ are chain breaking and represent the reactions between the fuel and the radicals and between CH 3 and the radical to form CO and H 2 . The global reaction IIЈ represents the oxidation of CO to form the final product CO 2 . The global reaction IIIЈ represents the three-body recombination steps and is also responsible for a major fraction of heat released in the flame. The global reaction IVЈ represents the reaction of O 2 with the radicals and the formation of H 2 O. It comprises the chain-branching steps. This five-step mechanism was employed in a previous numerical study of the structure of nonpremixed methane flames [12] . Table 1 shows the elementary reactions that are presumed to be the major contributors to the rates of the global steps of the reduced mechanism and includes the chainbreaking step 34. The symbols f and b appearing in the first column of 
, where T denotes the temperature and R is the universal gas constant. The quantities B n , ␣ n , and E n are the frequency factor, the temperature exponent, and the activation energy of the elementary reaction n, respectively. The concentration of the third-body C M is calculated using the relation
where p denotes the pressure; W is the average molecular weight; and Y i , W i , and i , are, respectively, the mass fraction, the molecular weight, and the chaperon efficiency of species i. The chaperon efficiencies are shown in Table 1 . The asymptotic analysis is performed using only the elementary reactions shown in Table 1 .
In the analysis, a steady-state approximation is introduced for H radicals [1] . This gives a four-step mechanism that can be written as
The reaction rates of the global steps w k , in the five-step mechanism (k ϭ Ia-IVЈ), and in the four-step mechanism (k ϭ Ia-III), expressed in terms of the reaction rates of elementary reactions w n are w IaЈ ϭ w Ia ϭ w 38 Ϫ w 34 ,
In the four-step mechanism Ia-III, if a steady-state approximation is introduced for CH 3 , then the global step Ib will disappear and the global fuel-consumption reaction CH 4 ϩ O 2 º CO ϩ H 2 ϩ H 2 O, deduced from Ia and Ib, will replace Ia. The reaction rate of this global fuel-consumption step is given by w Ia . This approximation was employed in previous asymptotic analysis of stoichiometric and lean methane flames [1] [2] [3] [4] [5] [6] . In rich flames the concentration of O atoms can be expected to be lower than that in lean flames. Hence O atoms are expected to have a greater influence on the structure of rich flames in comparison with their influence on the structure of lean flames. Equation 1 shows that the reaction rate of the global step Ib is given by w 35 , which is proportional to the concentration of O atoms (see Table 1 ). Therefore the present formulation, in which a 591 ASYMPTOTIC ANALYSIS OF RICH METHANE FLAMES steady-state approximation is not introduced for CH 3 , directly includes the influence of O atoms on fuel-consumption through CH 3 .
To simplify the calculation of the reaction rates of the global steps, the elementary reactions 2 and 3 are presumed to maintain partial equilibrium. Previous numerical calculations show that these approximations are reasonably accurate [10] . These approximations give the results
where C i is the molar concentration of species i, and K n is the equilibrium constant of the elementary step n. Also from the chemical-kinetic mechanism shown in Table 1 it follows that K 4 ϭ K 3 /K 2 .
FORMULATION
The four-step mechanism Ia-III is used in the asymptotic analysis. The steady propagation of a planar, laminar flame under adiabatic and isobaric (small Mach number) conditions is considered. The solution to the equation of mass conservation is v ϭ u s L , where is the density, v the gas velocity, s L the burning velocity, and subscript u refers to the initial conditions in the unburnt reactant mixture. The Lewis numbers for species i are assumed to be constants and defined as Le i ϭ /(c p D i ), where is the thermal conductivity, c p the mean specific heat at constant pressure, and D i the diffusion coefficient of species i. The diffusion velocity of the species is presumed to be given by Fick's Law [13] . The nondimensional species balance equations and the energy conservation equation can be written as
where x ϵ ͐ 0 xЈ (vc p /) dxЈ and xЈ is the spatial coordinate. The origin x ϭ 0 is taken to coincide with the location of the inner reactivediffusive zone. The quantity i,k is the stoichiometric coefficient of species i in the global step k of the reduced mechanism. The value of i,k is positive if species i appears on the right side of 
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global step k and negative if it appears on the left side. If the balance equation for each species is integrated, then the product of the mass fraction of the species with its diffusion velocity summed over all species will vanish only when Le i is unity for all species [7] . A correction velocity is often introduced so that this sum will vanish [7] . For methane flames, Le i for the reactants (CH 4 and O 2 ) and the major products (H 2 O and CO 2 ) are very close to unity, and the mass fractions of the intermediate species are of lower order than those for the reactants and the products. Hence the correction velocity will be very small and is neglected in the asymptotic analysis.
The dependent variables X i and are defined as
where X i is the normalized mass fraction of species i and the normalized temperature. Y Fu is the initial value of Y F in the unburnt reactant mixture, T c is the temperature for "complete combustion," which is defined as the temperature in the burnt gas if the products are only CO 2 , H 2 O, and fuel CH 4 for Ͼ 1, and subscript F refers to the fuel. From Eq. 4 it follows that C i ϭ (Y Fu /W F )X i . The nondimensional reaction rates k and heats of reaction Q k are defined as
where (Ϫ⌬H k ) is the heat release in the global
The asymptotic structure of rich methane flames analyzed here is presumed to be similar to the structure of stoichiometric and lean flames analyzed previously [1] [2] [3] . The outer structure of the premixed flame is presumed to comprise an inert preheat zone of thickness of the order of unity, a thin reaction zone where all chemical reactions take place, and a postflame zone where the products are in equilibrium and the temperature is equal to its adiabatic value T b . The reaction zone comprises the inner layer and the oxidation layer [1] [2] [3] [4] [5] [6] The procedure employed to calculate T 0 is described later.
In the preheat zone the normalized mass fractions of CH 4 , O 2 , CO 2 , and H 2 O are of the order of unity. To leading order the profiles of these species can be calculated by neglecting the reaction terms in the balance equations. The profiles of CH 4 and O 2 in the preheat zone are 
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where X O 2 u is the initial value of X O 2 in the unburnt reactant mixture, and X O 2 b the value in the postflame zone.
A schematic illustration of the structure of the preheat zone and the structures of the inner layer and the oxidation layer in the reaction zone are shown in Fig. 3 . To illustrate the main qualitative features of the flame structure, sketches of the temperature profile and the concentration profiles of CH 4 , CH 3 , O 2 , and H 2 are shown. The characteristic nondimensional thickness of the inner layer is presumed to be of order of ␦ and in this layer the reactions taking place at appreciable rates are the global steps Ia and Ib. The fuel is consumed in the inner layer, and the intermediate species CH 3 is produced and completely consumed in this layer. The characteristic nondimensional thickness of the oxidation layer is presumed to be of the order of and in this layer the global reactions II and III take place, and the rates of the global reactions Ia and Ib are presumed to be negligibly small. Oxygen is consumed in this layer. In the oxidation layer the global reaction II is presumed to maintain partial equilibrium everywhere except in a thin sublayer. The nondimensional thickness of this sublayer is presumed to be of the order of [1, 2] . In the analysis it is presumed that ␦ Ͻ Ͻ Ͻ Ͻ Ͻ Ͻ 1. The validity of the presumed ordering is checked later using the results of the analysis.
Within the reaction zone the coordinate is selected such that the inner layer is located at x ϭ 0, and the conditions there are identified by the superscript 0. The quantity T 0 shown in Fig.  3 is the characteristic temperature at the inner layer. In the asymptotic analysis of the reaction zone, the convective terms in the species balance equations and in the energy conservation equation shown in Eq. 3 are neglected because they are presumed to be small in comparison with the diffusive terms and the reactive terms. The activation energies of all the elementary reactions that appear in the global rates shown in Eq. 1 are small. Therefore in the asymptotic analysis the values of the rate constants of the elementary reactions are evaluated at T 0 . Changes in the values of the rate constants with changes in the values of T are neglected [1, 2, 4] . In the asymptotic analysis of the reaction zone, the concentrations of H 2 O and CO 2 are treated as being of the order of unity. To the leading order the values of X H 2 O and X CO 2 are presumed to be equal to their values in the postflame zone represented by X H 2 Ob and X CO 2 b , respectively. Also, in the reaction zone the concentrations of O 2 , CO, and H 2 are presumed to be of the order of , and the concentration of CH 4 of the order of ␦.
ASYMPTOTIC ANALYSIS OF THE INNER LAYER
The analysis of the structure of the inner layer is different from that of stoichiometric and lean methane flames, because for rich flames a steady-state approximation is not introduced for CH 3 . The balance equations for CH 4 
The balance equation for CH 3 shows the formation of this compound by reaction 38 and consumption by the competing reactions 34 and 35. If reaction 34 is neglected and CH 3 is assumed to maintain steady state, a formulation equivalent to that employed in previous analyses [1] [2] [3] [4] [5] [6] of stoichiometric and lean flames is recovered. The diffusivities of CH 4 and CH 3 are nearly equal. Therefore, for simplicity the approximation Le F Ϸ Le CH 3 is used. For convenience, the definition X s ϭ X F ϩ X CH 3 is introduced, and from Eq. 7 the differential equation
is obtained. This shows that the sum of CH 4 and CH 3 is consumed eventually by reaction 35, which therefore is the rate determining step of fuel consumption in moderately rich methane flames. The rates of the elementary reactions 38 and 34 are very fast. The small fractional differences between these large quantities are presumed to be of the same order as the other terms in Eq. 7. Because of this the approximation 38 Ϸ 34 is introduced. It gives the result X F ϭ (k 34 /k 38 )X CH 3 . This is similar to the criterion employed by introducing a partial equilibrium approximation for a reversible elementary reaction [13, 14] . Here it is applied to two irreversible reactions. For large values of the ratio k 34 /k 38 , the approximate results
are obtained. This approximation will be used in the analysis.
To calculate the source terms in Eq. 8, it is necessary to relate the concentration of H radicals to the concentration of the species appearing in the four-step mechanism Ia-III. The steady-state concentration of H can be calculated from the algebraic relation IaЈ ϩ IbЈ ϩ 2 IIIЈ Ϫ 2 IVЈ ϭ 0 which gives the quadratic equation
where Eqs. 1, 2, 4, and 9 have been used. The quantities R, , and appearing in Eq. 10 are defined as
The third term appearing on the left side of Eq. 10, k 34 k 38 X s /(k 1f k 34 X O 2 ), is deduced from the reaction rate of the chain-breaking step 34, CH 3 ϩ H ϩ (M) 3 CH 4 ϩ (M). This term decreases the steady-state value of the H radicals. Equation 10 shows that X H must be of the order of R. The value of is found to be small when it is evaluated at typical temperatures of the inner layer, therefore it is neglected. To analyze the structure of the inner layer, the expansions
are introduced, where the expansion parameter ␦ is presumed to be small. 
where the superscript 0 over any rate constant and equilibrium constant implies that its value is 595 ASYMPTOTIC ANALYSIS OF RICH METHANE FLAMES evaluated at T ϭ T 0 . The value of T 0 is obtained later.
If the expansion for X s given by Eq. 12 is introduced into Eq. 10 and Eq. 13 is used, the steady-state concentration of H radicals in the inner layer is given by
The quantities 0 and R 0 are the values of and R evaluated from Eq. 11 with the rate and equilibrium constants evaluated at T 0 , and with X O 2 and X H 2 replaced by X O 2 0 and X H 2 0 . Introducing Eq. 12 into Eq. 8 and using Eqs. 9, 11, and 14, the differential equation
is obtained, where
The quantity L is equivalent to a reduced Damköhler number and is presumed to be of order unity. Equation 16 explicitly relates s L to the rate constant of the elementary reaction 34 and shows the influence of this reaction on the burning velocity. Boundary conditions for Eq. 15 must be obtained by matching the profile of X s in the inner layer with its profile in the preheat zone as 3 Ϫϱ and with its profile in the oxidation layer as 3 ϱ. In the preheat zone the concentration of CH 4 is given by Eq. 6. The value and derivative of X CH 3 with respect to x in the preheat zone is of the order of ␦. Matching these solutions with the expansion for X s shown in Eq. 12, it follows that as 3 Ϫϱ, dy s /d ϭ Ϫ1. Equation 14 shows that the concentration of the radicals becomes equal to zero when y s ϭ 1/ 0 . Upstream from this point the flow field is chemically inert because radicals are not present, and the profile of the fuel in the inner layer must match with its profile in the preheat zone. It follows that the matching conditions can be applied at ϭ Ϫ1/ 0 and at this point dy s /d ϭ Ϫ1 and y s ϭ 1/ 0 . In the oxidation layer the concentrations of CH 4 and CH 3 are negligibly small. Hence it follows that as 3 ϱ, y s ϭ dy s /d ϭ 0.
Integrating Eq. 15 once after treating y s as the independent variable and dy s /d as the dependent variable and using the definition y ϭ 0 y s and the matching conditions, the result
is obtained. 
ASYMPTOTIC ANALYSIS OF THE OXIDATION LAYER
In the oxidation layer the concentrations of CH 4 and CH 3 are negligibly small, and the influence of the overall steps Ia and Ib on the structure of this layer can be neglected. In this layer O 2 , H 2 , and CO are consumed by the overall steps II and III. The structure of the oxidation layer of rich flames can be expected to be influenced mainly by the consumption of O 2 , represented by the overall step III, because the amounts of oxygen in rich flames are lower than those in lean flames. In previous asymptotic analyses of stoichiometric and lean flames, the structure of the oxidation layer was presumed to be influenced mainly by the oxidation of H 2 and CO [1] [2] [3] [4] [5] [6] . Following previous analyses [1, 2, 5, 6] , the water-gas shift reaction II is presumed to maintain partial equilibrium everywhere except in a thin sublayer within the oxidation layer, located immediately downstream of the inner layer. The structure of the oxidation layer is first analyzed with overall step II in partial equilibrium, followed by an analysis of the sublayer where the water-gas shift reaction is not in equilibrium.
Partial equilibrium for overall step II gives 596 K. SESHADRI ET AL.
where the quantity ␣ is presumed to be of the order of unity and is defined as
The differential equations describing the structure of this layer deduced from Eq. 3 are
Le O 2
The value of Q III ϭ 0.6232 and that of Q II ϭ 0.0363. Since the value of Q II is small it is neglected, and for convenience the definition q ϭ Q III is introduced. The expansions
are introduced, where is a small expansion parameter and the quantities , z, ͑b ϩ z͒
where z 0 is the value of z at ϭ 0. The integral in Eq. 27 must be evaluated numerically to obtain the value of z 0 . From the expansions in Eq. 21, the values of the temperature and concentration of O 2 at ϭ 0 are given by
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To calculate the leading order value of X H 2 at the inner layer, which is required for calculating the burning velocity, the thin sublayer within the oxidation layer, where the overall reaction II is not in equilibrium, must be analyzed. This sublayer is a transition layer in which the overall reaction II attains partial equilibrium from nonequilibrium in the inner layer. Because O 2 does not participate in step II, the quantity X O 2 0 shown in Eq. 28 is the leading order value of X O 2 at the inner layer. The leading order value of temperature at the inner layer is also given by Eq. 28 because the heat release in step II is negligible.
The details of the analysis of the nonequilibrium layer are given elsewhere [1] [2] [3] , therefore only the results of these previous analyses are shown here. The leading order value of X H 2 at the nonequilibrium layer deduced from Eq. 21 is 2Le
In the nonequilibrium layer the influence of reactions III can be neglected and reactions Ia and Ib do not take place. The expansions
are introduced, where is a small expansion parameter and , z H 2 , and z CO are treated as being of the order of unity. The small expansion parameter is [1] [2] [3] ,
Following previous methods [1] [2] [3] , it can be shown that z H 2 and z CO are given by
At the inner layer where ϭ 0, the value of X H 2 0 obtained from Eqs. 21, 29, and 31 is
The boundary condition at ϭ 0 given by Eq. 26 is obtained by neglecting the influence of the global step III in the inner layer and using a coupling relation among X F , X CH 3 , and X O 2 . A different boundary condition will be obtained if the coupling relation d 2 (2X F /Le F ϩ 2.5X CH 3 / Le CH 3 ϩ X H 2 /Le H 2 ϩ X CO /Le CO )/dx 2 ϭ 0 in the inner layer, obtained from Eq. 3 after neglecting the reaction rate of global step III, is used. Integrating this coupling relation once, and matching the result with the profile for X F in the preheat zone given by Eq. 6, gives the result d(2X F /Le F ϩ 2.5X CH 3 /Le CH 3 ϩ X H 2 /Le H 2 ϩ X CO /Le CO )/dx 2 ϭ Ϫ 2. Matching this result with the expansion for X H 2 and X CO in Eq. 21 gives the result that dz/d is equal to Ϫ1 at ϭ 0. For stoichiometric mixtures X O 2 u ϭ 2, therefore both coupling relations give the same result. For nonstoichiometric mixtures the value for dz/d obtained from integrating the coupling relation among X F , X CH 3 , X H 2 , and X CO is different from that shown in Eq. 26. The difference arises from the neglect of the global step III in the inner layer. If this step is not neglected in the inner layer, then the jump conditions can only be obtained from numerical integration of the differential equations governing the structure of this layer. For rich flames the structure of the oxidation layer can be expected to be influenced more by the consumption of O 2 and less by the oxidation of H 2 and CO, therefore the boundary condition Eq. 26 is used here. For stoichiometric and lean flames, the concentration of O 2 in the reaction zone is larger than that in rich flames. Hence, the structure of the oxidation layer of lean flames can be expected to be influenced more by the oxidation of H 2 and CO and less by the consumption of O 2 . The previous asymptotic analyses of the structure of the oxidation layer of stoichiometric and lean
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flames employed the boundary condition deduced from the coupling relation among the fuel, hydrogen, and carbon monoxide [1] [2] [3] [4] [5] [6] .
There are significant differences in the values of the burning velocities calculated using these different boundary conditions for dz/d at ϭ 0.
BURNING VELOCITY
To calculate the value of the characteristic temperature at the inner layer T 0 , it is convenient to first eliminate the quantity A appearing in the definition of L in Eq. 16 by combining it with Eq. 23. Using Eqs. 13, 24, 28, and 32 the result
is obtained. The right side of Eq. 33 is a function of T 0 , z 0 , , and . Using Eq. 28, can be written as a function of T 0 and z 0 , and using Eq. 30 can be written as a function of T 0 and z 0 . The quantity z 0 is given by the numerical evaluation of Eq. 27. Therefore the right side of Eq. 33 can be expressed as a function of T 0 . The value of T 0 is calculated by equating the right side of Eq. 33 to the right side of Eq. 17. The quantity 0 appearing on the right side of Eq. 17 is given by 0 ϭ 2
Equations 11, 28, and 32 are used to derive Eq. 34. To calculate the burning velocity, the second expression in Eq. 16 and Eqs. 24 and 28 are used to rewrite Eq. 23 as
RESULTS AND DISCUSSION
To calculate the burning velocities, the value of ( 0 /c p 0 ) appearing in Eq. 35 is calculated using the expression ( 0 /c p 0 ) ϭ 2.58 ϫ 10 Ϫ5 (T 0 / 298) 0.7 kg/(m s) [8] . Figures 2, 4 , 5, and 6 show results of calculations for p ϭ 1 bar, and T u ϭ 300 K. In Fig. 4 the asymptotic results for the burning velocities, calculated as a function of the equivalence ratio , are compared with numerical results obtained using the C 3 -mechanism and the C 1 -mechanism. The burning velocities calculated using the C 1 -mechanism agree reasonably well with those calculated using the C 3 -mechanism. 
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For slightly larger than unity and less than 1.36, the numerical results show s L to decrease rapidly with increasing equivalence ratio. For larger than 1.36 the numerical results show s L to decrease more slowly with increasing equivalence ratios. For less than 1.36, Fig. 4 shows the values of s L calculated using the C 3 -mechanism to be larger than those calculated using the C 1 -mechanism. This is attributed to the larger overall chain-breaking effects in the C 1 -mechanism in comparison with those in the C 3 -mechanism. This is consistent with previous numerical results that show the burning velocities calculated using the C 2 -mechanism to be higher than those calculated using the C 1 -mechanism [10] . Figure 4 shows the asymptotic results for the burning velocities to agree quite well with the numerical results for Ͻ 1.36. The asymptotic analysis did not give converged solutions for equivalence ratios greater than 1.36. At ϭ 1.36, the asymptotic result for s L is 4.95 cm/s. 0 decreases. When this difference is of order ␦, the asymptotic analysis developed here does not apply. At these conditions an alternative analysis must be developed to predict the slow decrease in s L with increasing as shown by the numerical results in Fig. 4 . Figure 5 shows values of a, b (Eq. 21), z 0 (Eq. 27), and 0 (Eq. 11) as functions of . With increasing , there is a sharp decrease in the values of a and a sharp increase in the values of b. Thus in the postflame zone with increasing values of the equivalence ratio, the equilibrium concentration of O 2 decreases and the equilibrium concentration of H 2 increases. The parameter 0 is a weak function of . Figure 6 shows values of the characteristic nondimensional thickness of the inner layer ␦, and the oxidation layer , as functions of the equivalence ratio . The results show that the presumed ordering ␦ Ͻ Ͻ Ͻ Ͻ 1 is maintained. The values of ␦ slowly decrease with increasing . The values of first slowly increase with increasing and then rapidly decrease and approach ␦. When the values of ␦ and become equal, the inner layer and the oxidation layer merge and the asymptotic analysis developed here is no longer valid. This implies that for very rich flames an alternative asymptotic analysis 
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K. SESHADRI ET AL. must be developed, in which all reactions are presumed to take place in one layer. The analysis developed here is valid for moderately rich flames. Therefore further tests of the predictions of the asymptotic model are made at ϭ 1.3. In Fig. 7 the burning velocities, calculated using the results of asymptotic analysis for ϭ 1.3, p ϭ 1 bar, and for various values of the initial temperature of the reactant stream are compared with numerical results obtained using the C 3 -mechanism and the C 1 -mechanism. At p ϭ 1 bar and T u ϭ 300 K, the value of s L calculated using results of asymptotic analysis is 20.07 cm/s, which is smaller than the numerical result 24.05 cm/s obtained using the C 3 -mechanism and larger than the numerical result 14.21 cm/s obtained using the C 1 -mechanism. Figure 7 show the asymptotic results to agree well with the numerical results. In Fig. 8 the burning velocities, calculated using the results of asymptotic analysis for ϭ 1.3, T u ϭ 300 K, and for various values of the pressure, are compared with numerical results obtained using the C 3 -mechanism and the C 1 -mechanism. For increasing values of p, Fig. 8 shows the asymptotic results for s L to decrease much more rapidly than the numerical results. The asymptotic analysis did not give converged solutions for pressures greater than 1.455 bars.
SUMMARY AND CONCLUSIONS
An asymptotic analysis of the structure of moderately rich methane flames has been described. The analysis employs a reduced four-step chemical-kinetic mechanism. This differs from those employed in previous asymptotic analyses of stoichiometric and lean methane flames [1] [2] [3] [4] [5] [6] , because a steady-state approximation is not introduced for CH 3 . The results of the asymptotic analysis show the burning velocities s L to decrease rapidly with increasing equivalence ratio. This is in agreement with results of numerical calculations obtained using chemicalkinetic mechanisms made up of elementary reactions. Previous asymptotic analyses of stoichiometric and lean methane flames did not predict this rapid decrease in the values of the burning velocities for rich flames [1] [2] [3] [4] [5] [6] .
In the asymptotic analysis developed here chemical reactions are presumed to take place in two layers, the inner layer and the oxidation layer. This is similar to previous asymptotic analyses of stoichiometric and lean flames [1] [2] [3] [4] [5] [6] . In these previous analyses the rate determining reactions taking place in the inner layer were presumed to be between the fuel and radicals (H and OH). In the inner layer of rich flames, in addition to these reactions, the reaction between CH 3 and O atoms given by step 35 (see Table 1 ) also has a rate determining influ- 
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ence on the structure of this layer. The influence of this reaction in rich flames, in comparison with those in lean flames, arises from the lower level of O atoms. Also, the enhanced influence of the chain-breaking reaction 34 in rich flames, in comparison with that in lean flames, decreases the concentration of H radicals, which in turn decreases the values of the burning velocities. The success of the present analysis, in predicting the observed rapid decrease in the values of the burning velocities with increasing equivalence ratio, for moderately rich flames is attributed to the influence of reaction 34 on the structure of the inner layer. The structure of the oxidation layer of rich flames is influenced mainly by the consumption of O 2 , whereas for lean flames the structure of this layer is influenced mainly by the oxidation of hydrogen and carbon monoxide.
The asymptotic analysis developed here applies to moderately rich flames. At values of the equivalence ratio larger than 1.36, all chemical reactions will take place in one layer with T 0 ϭ T b . Asymptotic analyses of these rich flames are yet to be developed.
